ABSTRACT
Upregulation of dolichol-pathway, a "hallmark" of asparagine-linked protein glycosylation enhances angiogenesis in vitro. The dynamic relationship between these two processes is now evaluated with Tunicamycin. Capillary endothelial cells treated with Tunicamycin were growth inhibited and could not be reversed with exogenous VEGF 165 . Inhibition of angiogenesis is supported by downregulation of (i) phosphorylated VEGFR1 & VEGFR2 receptors; (ii) VEGF 165 -specific phosphotyrosine kinase activity; and (iii) Matrigel ™ invasion and chemotaxis. In vivo, Tunicamycin prevented the vessel development in Matrigel ™ implants in athymic Balb/c (nu/nu) mice. Immunohistochemical analysis of CD34 (p<0.001) and CD144 (p<0.001) exhibited reduced vascularization. A 3.8-fold increased expression of TSP-1, an endogenous angiogenesis inhibitor in Matrigel ™ implants correlated with that in Tunicamycin (32 h) treated capillary endothelial cells. Intravenous injection of Tunicamycin (0.5 mg/Kg to 1.0 mg/Kg) per week slowed down a double negative (MDA-MB-435) grade III breast adenocarcinoma growth by ~50-60% in three weeks. Histolopathological analysis of the paraffin sections indicated significant reduction in vessel size, the microvascular density and tumor mitotic index. Ki-67 and VEGF expression in tumor tissue were also reduced. A significant reduction of N-glycan expression in tumor microvessel was also observed. High expression of GRP-78 in CD144 positive cells supported unfolded protein response-mediated ER stress in tumor microvasculature. ~65% reduction of a triple negative (MDA-MB-231) breast tumor xenograft in one week with Tunicamycin (0.25 mg/Kg) given orally and absence of systemic and/or organ failure strongly supported Tunicamycin's potential for a powerful glycotherapeutic treating breast cancer in the clinic.
INTRODUCTION
Breast cancer is becoming an important public health issue globally. The etiology of breast cancer is complex but this hyperproliferative disorder involves morphological and cellular transformation, dysregulation of apoptosis, uncontrolled cellular proliferation, invasion, metastasis, and angiogenesis (1) (2) (3) . In malignant breast tissue, the intratumoral endothelial cell proliferation rate is higher than that of the surrounding breast (4) . The central importance of angiogenesis and the current understanding of blood vessel formation have led to therapies to interrupt this process. Unfortunately, none of these therapies targeting different areas of vasculature could cure breast cancer and, therefore, the need for developing new therapeutics has emerged.
Asparagine-linked (N-linked) glycoproteins have been found to play an important role in angiogenesis (5) (6) (7) (8) (9) (10) (11) .
We have observed that proliferation of capillary endothelial cells as well as the capillary lumen formation is upregulated when the cells are treated with 8Br-cAMP (9, 12, 13) . Such treatment increases mannosylphospho dolichol synthase (DPMS) activity increasing the synthesis and turnover of Glc 3 Man 9 GlcNAc 2 -PP-Dol (lipidlinked oligosaccharide, LLO) and consequently the N-glycosylation of Factor VIIIC (eFVIIIc); enhancing angiogenesis (14) . cDNA cloning of the Dpm1 gene identifies a cAMP-dependent protein kinase (PKA) mediated phosphorylation motif in the capillary endothelial cell DPMS (15, GenBank #GQ367549) as reported earlier for Dpm1 from yeast (16) and other organisms (17) . Tunicamycin, a glucosamine-containing pyrimidine nucleoside (and an antibiotic) inhibits protein N-glycosylation by blocking the LLO synthesis in the endoplasmic reticulum (ER; 18). Consequently, the glycoproteins are not folded and caused an accumulation of mis-or unfolded glycoproteins in the ER. This saturation of the ER folding capacity induces ER stress and activates ER-specific adaptive response, the unfolded protein response (upr; 19) . The underlying mechanism of upr-induced ER stress could indirectly impede cell cycle progression by interfering with the proper maturation of growth factor receptors or other modulators of mitogenic signaling. Alternatively, ER stress may directly induce checkpoint response and prevent cells from completing their cell division cycle (20) . Recently, we have observed that Tunicamycin treatment causes cell cycle arrest in G1 and induces apoptosis of capillary endothelial cells while the cells are still in G1 (6) . The present study demonstrates that 
EXPERIMENTAL PROCEDURES
Materials -Hydroxyurea, dimethylsulfoxide, nystatin, Tunicamycin and heparin were obtained from Sigma Aldrich (St. Louis, MO). Matrigel ™ , mouse monoclonal antibody for CD144 and actin were from BD-Bioscience (San-Diego, CA). Mouse monoclonal antibody for VEGF, rabbit polyclonal phospho VEGFR1 and goat polyclonal total VEGFR1 antibodies were from Oncogene (San Diego, CA). Recombinant VEGF 165 , rabbit polyclonal phospho VEGFR2 and total VEGFR2 antibodies were from Calbiochem (EMD Biosciences; La Jolla, CA). Mouse monoclonal antibody for CD34 was from Cell Science (Canton, MA) and mouse monoclonal antibodies for Ki-67 and thrombospondin were from Abcam (San Francisco, CA). Rabbit polyclonal antibody for GRP-78 was from Santa Cruz Biotechnology (Santa Cruz, CA).
WGA (Texas-Red conjugated) was from EY Laboratories (San Mateo, CA). HRP-conjugated goat anti-rabbit IgG/anti-mouse IgG, streptavidin and ECL chemiluminescence detection kit were from GE Healthcare (Piscataway, NJ). TRIzol was from Invitrogen Life Technologies (Carlsbad, CA). PCR grade water and DNA decontamination kit were from Applied Biosystems (Ambion Inc; Austin, TX), iScript c-DNA synthesis kit, biotinylated protein molecular weight markers, DNA markers and all electrophoresis reagents were obtained from Bio-Rad Laboratories (Hercules, CA).
All other chemicals and solvents used were of the highest purity available. All cell culture wares were from Sarstedt (Newton, NC) and fetal bovine serum was purchased from HyClone Laboratories (Logan, UT). Cell line and Animals -Human breast carcinoma cells MDA-MB-231 and MDA-MB-435 were from the American Type Culture Collection (ATCC; Manassas, VA).
The capillary endothelial cells were from the laboratory stock of a non-transformed endothelial cell line (21) . Athymic Balb/c female (nu/nu) mice were from Charles River Laboratories (Wilmington, MA).
Culturing of Capillary Endothelial Cells and
Proliferation Assay -The capillary endothelial cell stock was maintained as previously described (21, 22) . For proliferation assay 1x10 4 cells/ml/well were plated in triplicate in 24-well plates and synchronized (13) Quantitative data are presented as mean plus standard error (SE). Mean ± SE was calculated by one-way analysis of variance (ANOVA). Significance between groups was further analyzed using the post hoc Tuke's test.
RESULTS

Tunicamycin inhibition of capillary endothelial cell proliferation is not reversible by VEGF 165 -
Tunicamycin (a potent protein N-glycosylation inhibitor) arrests capillary endothelial cells in G1 (21, 22) . To evaluate the stability of the antiangiogenic effect of Tunicamycin in tumor microenvironment, a time-course was set up where VEGF 165 -stimulated capillary endothelial cells were treated with Tunicamycin (1 μg/ml) and monitored every 24 h for 144 h. Exogenous addition of VEGF 165 stimulated the cell proliferation but it failed to protect the cells from the growth inhibitory effect of Tunicamycin (Fig. 1A) . In the first 24 h of VEGF treatment the inhibition of cell proliferation was less but from 48 h onwards VEGF did not show any protection (p<0.001). Tunicamycin down-regulates phosphotyrosine kinase activity in VEGF 165 -treated capillary endothelial cells -VEGF signals through activation of tyrosine kinase (23, 25) . We have tested the status of the VEGF-stimulated tyrosine kinase activity after treating the cells with Tunicamycin. Cells stimulated with VEGF 165 exhibited an increase in tyrosine kinase activity over the basal level. A marked reduction in the enzyme activity (p<0.001) however, was observed in cells treated with Tunicamycin for 3 h (Fig. 1B) . To evaluate the specificity of VGF 165 -stimulated up-regulation of the tyrosine kinase activity, a 17 amino acid peptide, CBO-II (50 μM) which blocks the binding of VGF 165 to its receptors was used. Cells pre-treated with CBO-II inhibited the tyrosine kinase activity following VEGF 165 stimulation (p<0.001) to the extent similar to that observed in Tunicamycin treated cells. No further reduction in VEGF 165 -stimulated activity was observed when Tunicamycin-treated cells were pre-incubated with CBO-II (Fig. 1B) . Thus, suggested no changes in the receptor level but alteration in its signaling ability. Tunicamycin down-regulates phosphoVEGFR1 and phosphoVEGFR2 receptors -VEGF-induced changes are expected to be seen in cells expressing functional VEGF receptors (26) . Endothelial cells express both VEGFR1 and VEGFR2 receptors but VEGFR2 receptor has been claimed to be more effective in inducing angiogenesis. The status of total, phosphorylated VEGFR1 and VEGFR2 receptors and their ratios in capillary endothelial cells were therefore evaluated following Tunicamycin (1 µg/ml) treatment. Total VEGFR1 expression was ~97.2%, ~83.3% and ~89.4% at 3 h, 12 h and 32 h respectively over the synchronized cells, i.e., "0 h". These values for VEGFR2 were ~110.3%, ~91.8% and ~68.3% respectively for the same period. The level of phosphorylated VEGFR1 when analyzed, it was found down regulated by ~30.5%, ~33.5% and ~75.7% in cells treated with Tunicamycin for 3 h, 12 h and 32 h, respectively compared to their respective controls. The phosphorylated VEGFR2 was down-regulated by ~44.4%, and ~72.6% in cells treated with Tunicamycin for 3 h and 32 h, respectively but increased by ~3.3% in cells treated with Tunicamycin for 12 h (Fig 1C and  D) compared to their controls. Interestingly, the reduction of phosphorylated VEGFR1 (i.e., ~30.5%) and VEGFR2 (i.e., ~44.4%) is serendipitously very similar to ∼46.6% reduction of protein tyrosine kinase activity following VEGF stimulation in cells treated with Tunicamycin for 3 h. There was also a 1.6-2.4 fold reduction of phosphorylated VEGFR1 and VEGFR2 in cells treated with Tunicamycin for 32 h over that of 3 h. On the other hand, there was a 2.7-2.9 fold difference between the ratio of down-regulated phosphoVEGF receptors (i.e., VEGFR1 and VEGFR2) and the total VEGFR 1 and VEGFR2 at 3 h and 32 h of Tunicamycin treatment (Table 1) . (27) and is often used to evaluate tumor growth (28) . To assess the Tunicamycin-mediated inhibition of vessel formation in Matrigel ™ plugs, the microvessel density in the plugs was examined immunohistochemically after staining for CD34 and CD144.
T
Tunicamycin inhibits angiogenesis in vivo -
Microscopic examination revealed numerous CD34 and CD144 stained vessels in the positive control group (VEGF 165 + heparin) (Fig. 2C  and 2D, middle) , but only a few vessels in the group treated with Tunicamycin (Fig. 2C, right and Fig.  2D, right) . 87 ± 4.04 vessels stained for CD34 and 78 ± 3.4 vessels for CD144 in the positive control group as opposed to only 12 ± 1.2 vessels in CD34 or 8 ± 1.5 vessels in CD144 in the group treated with Tunicamycin, respectively. Quantification ( Fig. 2C and 2D, far right) indicates ~87.5% decrease (p<0.001) in microvessel density due to Tunicamycin treatment.
Increased expression of thrombospondin-1 gene in Tunicamycin treated Matrigel
™ plugs -Angiogenesis is a balance between the expression of pro-and antiangiogenic molecules (29). Thrombospondin-1 (Tsp-1) is an endogenous inhibitor of angiogenesis (30) . To get an insight into the Tunicamycininduced inhibition of neo-vascularization in Matrigel ™ plugs, Tsp-1 gene expression was monitored in the plugs. qRT-PCR analysis reveals ~3.8-fold (p<0.001) upregulation of Tsp-1 gene expression (Fig. 3A) . Upregulation of TSP-1 mRNA as well as protein was also observed in capillary endothelial cells treated with Tunicamycin for 32 h (Fig. 3B and 3C) . Fig. 5A ). In group a, Tunicamycin treatment was started after the tumor size reached to ~3mm in diameter in 6 days at doses 0.1, 0.5, and 1.0 mg/Kg, respectively, once a week. The results (Fig. 4A) indicated that tumor growth progressed in untreated controls and also in the group treated with a low dose of Tunicamycin (i.e., 0.1 mg/Kg). However, it was markedly reduced (~56% in 23 days) when treated with 1.0 mg/Kg of Tunicamycin. Tumor volume regressed ~17% at 0.5 mg/Kg of Tunicamycin. It is important to note that 15 times more taxol was needed to match the effect of 1 mg/Kg of Tunicamycin. The histogram in Fig 4A far (Fig. 4B and C) . Figure  4C far right recorded the mitotic index of tumor cells per 10 high power field (HPF) and explained that the mitotic index of the tumor cells declined as a consequence of Tunicamycin treatment (p<0.001). In group b, Tunicamycin treatment was started 7 days after the tumor development and was given orally twice a week at a dose of 5 μg/mouse (≈0.25 mg/Kg). In the control group (Fig. 5A, top row) the tumor growth was almost doubled in 4 weeks, whereas the growth in the treatment group was reduced by ~65% in one week and maintained (Fig. 5A,  bottom row and B) . Decreased Ki-67 and VEGF expression in breast tumor after Tunicamycin treatment -To correlate the tumor growth with the cellular markers, expression of Ki-67 and VEGF was analyzed in tumor tissue immunohistochemically. Ki-67 is a cellular proliferation marker and VEGF is proangiogenic. The tumor we have examined here was a grade III adenocarcinoma, and Ki-67 or VEGF expression in tumors from Tunicamycin treated group of mice (1.0 mg/Kg) was reduced significantly (Fig. 4D and E) . This paralleled the reduction of microvessel count and the mitotic index ( Fig. 4B and C) , respectively. Accumulating evidence thus supports Tunicamycin is anti-angiogenic and treats breast tumor in nude mice.
Decreased invasion and chemotaxis of Tunicamycin treated capillary endothelial cells -
Capillary proliferation and tissue invasion are important for breast tumor progression. We have studied the Matrigel ™ invasion of capillary endothelial cells as well as their chemotactic activity in the presence or absence of Tunicamycin. Invasion through the transwell membrane in control plate (Fig. 6A ) remained almost the same whereas those migrated through the Matrigel ™ reduced significantly in the presence of Tunicamycin (Fig.  6B and Fig. 6B far right; p<0.001 ). This supported that Tunicamycin makes capillaries less capable of invading the extracellular matrix. In addition to measuring the invasion character, the cells were also tested for their chemotaxis, i.e., the migratory activity on a wounded surface. The rate of migration was ~75% higher in the presence of VEGF 165 . In the presence of Tunicamycin it was only ~60% of the control and was further reduced (i.e., ~25%) when both Tunicamycin and VEGF 165 were present ( To verify the status of the N-glycans on the breast tumor microvascular endothelial cell surface, the tissue sections were stained with Texas-Red conjugated WGA and examined under a fluorescence microscope. Tumor microvessels in untreated controls were stained markedly but the staining intensity per vessel was reduced almost 50% upon treating with Tunicamycin (Fig. 7A) .
This was further confirmed by quantifying these images with NIH-IMAGE J program (Fig. 8) . Tumor cells from untreated control (Fig. 7B ) exhibited positive WGA staining but the intensity was much less than the endothelial cells.
Tunicamycin treatment caused a morphological change on the tumor cells and the WGA staining was not only reduced but also appeared amorphous.
Development of unfolded protein response in tumor microvasculature during Tunicamycin treatment -
Inhibition of N-glycan biosynthesis with Tunicamycin develops upr mediated by ER stress (19) . This has led us to investigate whether ER stress-mediated upr exists in breast tumor microvasculature of the mice receiving Tunicamycin treatment. Tumor tissue is heterogeneous. To answer this question, the tumor microvascular endothelial cells were first identified by staining for CD144 (green fluorescence; a marker for endothelial cells) and then stained for the GRP-78 (red fluorescence), an ER chaperone.
In untreated control, CD144 stained endothelium appears as a thin line around the vessel so did the GRP-78 ( Fig. 7C and D) . As the tumors were treated with Tunicamycin, a high level expression of GRP-78 was observed in microvascular endothelial cells of the tumor (Fig. 7D) . CD144 also stained the same area (Fig. 7C) . Both green and red fluorescence of CD144 and GRP-78 colocalized in tumor microvasculature supporting unfolded protein response mediated by ER stress in tumor microvasculature. GRP-78 staining in tumor cells following Tunicamycin treatment appears to be increased (Fig. 7E ). This may be an indirect effect because of nutritional deprivation due to reduced blood flow in the tumor and not necessarily due to an induction of upr.
DISCUSSION
Deaths from breast cancer have dropped more than 2% since 1990, but it still is the second largest killer of women after heart disease. Approximately 15% of diagnosed breast cancers are also triple negative, have no treatment, and obviously, no cure. Tumors can stay dormant for many years due to a balance between cell proliferation and apoptosis in the absence of angiogenesis. In such condition, there is also a balance between pro-angiogenic and anti-angiogenic factors (31, 32) . Dormant tumors secrete inhibitory factors that prevent the tumor from switching to the angiogenic phenotype and arrest the growth of tumors. The quantification of tumor angiogenesis, i.e., microvascular count (MVC) is a measure of tumor staging for growth, invasive, and metastatic potential as well as for diagnosis (28, 33) . Many preclinical studies have suggested that anti-angiogenic strategy could be a promising approach for cancer control because it is less likely to acquire drug resistance (34) .
Anti-angiogenic agents conceptually categorized as: endothelial toxin (35), growth factor receptor antagonists (36) , protease inhibitors (37, 38) , and normal inhibitors (39) . In addition, several chemotherapeutic agents routinely employed in breast cancer treatment have true anti-angiogenic activity (40) . Unfortunately, none of these and others targeting different areas of vasculature could cure breast cancer, all have serious side effects, and are detrimental to patients' quality of life.
The study we have presented here with Tunicamycin as a model offers a possibility for developing a new drug regimen for treating breast cancer including a triple negative. The outcome is from a central hypothesis that Tunicamycin inhibits angiogenesis (both in vitro and in vivo) and built on the confidence that inhibition of capillary endothelial cell proliferation was by arresting cells in G1 (22) .
To establish and evaluate the survivability of Tunicamycin in tumor microenvironment, the effect of Tunicamycin in the presence of VEGF 165 was studied. Tumor-derived VEGF is a most important angiogenic factor associated closely with the induction and maintenance of the neo-vasculature in human tumors (41) . The results in Fig. 1A demonstrate that VEGF 165 tries to protect the cells from Tunicamycin initially and the reduction of cellular proliferation during the first 24 hours was modest when Tunicamycin was present together with VEGF than alone. The inhibition of cellular proliferation, however, was comparable from 48 h to 144 h whether Tunicamycin was present alone or in combination with VEGF 165 . The cells in control continued to respond to VEGF 165 stimulation and exhibited higher rate of proliferation till 120 h and before reaching to a plateau at 144 h. This may be due to (i) the exhaustion of VEGF 165 , and/or (ii) desensitization of the VEGF receptors. Nevertheless, it clearly demonstrates that VEGF 165 is unable to override the anti-angiogenic action of Tunicamycin. Mechanistic details indicate that phosphorylation of VEGFR1 and VEGFR2 started down regulating as early as 3 h of Tunicamycin treatment but became more at 32 h ( Figure 1D ). The behavior of phosphoVEGFR2 in cells treated with Tunicamycin for 12 h is not sustainable and may indicate the cells are fighting back to stay alive under the experimental condition. This could be addressed in the future while studying the cellular survival. Since, VEGF signals through tyrosine phosphorylation, the tyrosine kinase activity was measured in cells treated with Tunicamycin and stimulated with VEGF 165 . The VEGF-stimulated phosphotyrosine kinase activity in Tunicamycin treated cells was reduced significantly (i.e., ~46.6%, p<0.001; Fig 1B) which is analogous to the reduction of phosphorylated VEGFR1 and VEGFR2 levels (i.e., ~30.5% and ~44.4%), respectively. There is a 1.6-2.4 fold reduction of VEGFR1 and VEGFR2 phopshorylaation in cells treated with Tunicamycin for 32 h over 3 h. However, a difference of 2.7-2.9 fold has been observed in the ratio of phopshorylated VEGFR1 and VEGFR2 to total VEGFR1 and VEGFR2 between cells treated with Tunicamycin for 3 h and 32 h (Table 1) . It would have been ideal if the cells would have maintained a steady level of total VEGFR1 and VEGFR2 receptors throughout. The apparent changes are believed to physiological and did not deter our conclusion. In fact, irrespective of the levels of total VEGFR1 and VEGFR2, the levels of phosphorylated VEGFR1 and VEGFR2 are reduced when the cells were treated with Tunicamycin for either 3 h or 32 h compared to the untreated control.
Thus, strongly supporting that down regulation of phosphorylated VEGFR1 and VEGFR2 in Tunicamycin treated cells is primarily due to a reduced phosphotyroine kinase activity in these cells.
We anticipate that phosphorylated VEGFR1 and VEGFR2 would be much higher in VEGF-stimulated cells. Our primary reason not to use the VEGF-stimulated cells is that we have observed upr-mediate apoptosis in Tunicamycin-treated cells in the absence of VEGF. The kinase activity was VEGF-specific because no additive or synergistic reduction was observed in the presence of the VEGF-receptor antagonist, CBO-II. Higher basal level of phospho-tyrosine kinase activity may be due to the presence of VEGF-like molecule in the serum since the cells were cultured in the presence of fetal bovine serum or due to an endogenous VEGF acting in a paracrine fashion (unpublished observation).
Any unparallel changes in VEGFR1 and VEGFR2 observed here may be due to the fact that activation and signaling of VEGFR2 receptor may be positively or negatively influenced by the coexpression and activation of VEGFR1 receptor as proposed earlier (42). But, it has not been verified independently in this study.
When tested, Tunicamycin reduced microvessel density by ~75% (Fig. 2B) as well as the expression of CD34 and CD144 in Matrigel ™ plugs in athymic mice ( Fig. 2C and  D) . TSP-1 is a known natural inhibitor of angiogenesis and its down-regulation plays a critical role in the angiogenic switch in several tumor types (30) . In this study high expression of Tsp-1 gene in Matrigel ™ plugs correlated with the TSP-1 protein and gene expression in Tunicamycin treated capillary endothelial cells (Fig. 3) . The antiangiogenic effect of TSP-1 has been proposed to mediate in part by the CD36 (TSP-1) receptor, which triggers a signaling cascade that leads to apoptosis in activated endothelial cells via the CD95 (Fas ligand) death receptor. There is no Fas ligand receptors detected in our capillary endothelial cell model (unpublished data). Up-regulation of TSP-1 expression in Tunicamycin treated capillary endothelial cells as well as in Matrigel ™ implants supports inhibition of angiogenesis but the mechanism through which TSP-1 is exerting its antiangiogenic effect in our system is currently unknown and warrants future studies to delineate the molecular details. Based on the above in vitro and in vivo studies, Tunicamycin was used as a therapeutic for treating a double negative (ER -/PR -/EGFR + ) and a triple negative (ER -/PR -/EGFR -) breast tumor in nude mice. These results are shown in Figs. 4 and 5. The tumor volume was reduced ∼55%-65% in one to three weeks irrespective of the tumor type or the mode of administration of the therapeutic. Taxol was used as an internal control, and to see an effect similar to that of Tunicamycin (i.e., 1.0 mg/Kg) 15 times more taxol was needed. The reduction of tumor growth correlated well with reduced Ki-67 and VEGF expression, microvascular density, and decreased mitotic index of the tumor cells in paraffin sections (Fig. 4) . Most importantly, the animals showed no sign of abnormal behavior. There was no weight loss and the animals exhibited normal intake of food and water.
The origin of MDA-MB-435 cell line has been questioned by comparative genomic hybridization studies and claimed that both MDA-MB-435 and M14 melanoma are identical lines (43). However, as reviewed (44) both cell lines are of breast cancer origin rather than of melanoma origin due to the following rationale. The MDA-MB-435 cell line was isolated from a pleural effusion of a female patient with breast cancer and still has two X chromosomes; express milk proteins and lipids; and when transfected with the mm23 metastasis suppressor gene, MDA-MB-435 cells show the morphologic feature of normal breast epithelial cells, including acinus formation in three-dimensional culture.
Apart from the loss in cellular proliferation and induction of cell death due to apoptosis, Tunicamycin blocked cellular invasion through Matrigel ™ as well as their chemotactic activity (Figs. 6B and C) . Cumulatively, these processes are required for active angiogenesis during tumor progression, invasion and metastasis. We have taken an approach here that develops ER stress in the tumor microvasculature mediated by unfolded protein response. It has been a challenge to image such a process since the tumor is highly heterogeneous. Identifying the microvascular endothelial cells by staining for CD144 followed by imaging the expression of GRP-78 turned out to be an excellent tool. Using the dual imaging technique our study has convincingly and unequivocally supported that Tunicamycin reduces the breast tumor growth by triggering the unfolded protein response in the tumor microvasculature ( Fig. 7C and D) . The microvessels from the treated groups are thin and smaller. In addition, quantification of WGA fluorescence intensity by IMAGE J program indicates that the expression of WGA-positive glycans per vessel was reduced as the dose of Tunicamycin was increased (Fig. 7A and Fig. 8 ). Tumor epithelial cells also react to WGA staining giving a distinct structural appearance in untreated control but both the staining intensity and the structural integrity seemed to be collapsing with morphological changes as the Tunicamycin dose was increased (Fig. 7B) . Increased GRP-78 staining of tumor cells in Tunicamycin treated tissue (Fig. 7E ) may indicate the presence of an ER stress developed indirectly as a result of nutritional deprivation due to reduced blood flow and not necessarily due to the induction of upr. This is also supported by an earlier report claiming that Tunicamycin does not induce ER stress or develop upr in tumor cells (45). It is obviously impossible to settle this question in paraffin sections of breast tumor tissue and needs to be addressed with breast cancer cells in culture in the future.
In view of these results we conclude that (i) anti-angiogenic action of Tunicamycin survives in tumor microenvironment; (ii) tumor associated highdensity neo-vascularization responsible for the development of tumor growth is blocked by Tunicamycin through a distinct mechanism of unfolded protein response mediated by ER stress: and (iii) Tunicamycin itself could develop into a new generation anti-angiogenic therapeutic treating breast cancer in the clinic. Down-regulation of protein tyrosine kinase activity as well as reduced phosphorylated VEGFR1 and VEGFR2 receptors level as early as 3 h of Tunicamycin treatment supports the initiation of the apoptotic process. Furthermore, strengthening of apoptosis through a 1.6-2.4 fold down-regulation of phosphoVEGFR1 and VEGFR2 receptors in 32 h over that of 3 h, and/or a 2.7-2.9 fold difference (i.e. down regulation) in the ratio of phosphorylated VEGFR1 and VEGFR2 to that of the total receptors between 3 h and 32 h of Tunicamycin treatment may indicate recruiting other down-stream pathways remain a strong possibility. A, Synchronized culture of capillary endothelial cells either alone or after pre-treating with Tunicamycin (1 µg/ml) for 32 h were seeded in control and growth factor reduced Matrigel ™ coated transwell plates. B, Cells were cultured in EMEM containing 2% fetal bovine serum in the upper chamber. Conditioned media from human breast cancer cells MCF-7 cultured in 10% fetal bovine serum along with VEGF (10 ng/ml) was used in the lower chamber as a chemo-attractant. After incubation for 24 h at 37 o C in a CO 2 incubator the transwells were removed, cells passed through the membrane were fixed and stained with H & E. The invaded cells were quantified by counting in an optical microscope at 200x magnification, and averaged after counting five fields per membrane. Histogram at right is the quantification of cell invasion through Matrigel ™ (p<0.001). C, The image of chemotaxis of endothelial cells. Endothelial cells grown to confluence in a regular media containing 10% fetal bovine serum and switched to a media containing 0.2% fetal bovine serum for 6 h. The monolayers were scratched with a 10 μl pipette tip and cultured with or without VEGF (10 ng/ml), or Tunicamycin (1 μg/ml), or Tunicamycin (1 μg/ml) + VEGF 165 (10 ng/ml) for an additional 6 h. The migrated cells were quantified microscopically and the histogram at right is the quantification of cell migration (averaging the position of the migrating cells at the wounding edges; p<0.001); broken line indicated by . 
